Introduction
Hygroscopic movement, which is caused by the absorption and loss of water with changes in relative humidity, influences propagule dispersal in a number of plant species (KERNER VON MARILAUN 1895; HABERLANDT 1914; FITTING et al. 1921) .
LACEY (1980) showed that such movement in the primary rays of Daucus carota ssp. carota L. influences both the spatial and temporal patterns of seed dispersal. These primary rays are peduncles of the umbellets that constitute the umbel, or fruit cluster. When the relative humidity falls, the rays open and expose the fruits to dispersal agents; when the humidity rises, these rays close around the mature fruits, preventing dispersal. RICOME (1898) and FUNK (1913) described the anatomy of these rays and the asymmetrical distribution of cell types in the rays of living plants; however, neither mentioned hygroscopic movement, which begins only after a plant dies. THELLUNG (1926) first reported that hygroscopic movement occurs, but he did not examine the anatomy. Because the anatomical basis for hygroscopic movement will augment our understanding of dispersal patterns in D. carota, we examined the ray anatomy in this subspecies.
ZIMMERMAN (mentioned by HABERLANDT [1914] ) first proposed that hygroscopic movement in a cell could be explained by the orientation of cellulose microfibrils in the cell wall; the absorption of water causes the cell to enlarge in a direction perpendicular to the predominant axis of the microfibrils. Specifically, we explored the application of ZIMMERMAN'S hypothesis to D. carota. We asked (1) whether ray cells expand and contract perpendicular to the predominant orientation of the miManuscript received October 1982; revised manuscript received March 1983. crofibrils, (2) whether the net microfibril orientation in cells on the abaxial side of the ray differs from the net orientation in adaxial cells, (3) what the differences in orientation are, and (4) when these proposed differences arise during plant development.
Material and methods
We examined both cross and longitudinal sections of more than 30 dead rays and fresh rays at different developmental stages. Specimens either were sectioned by hand or were embedded in paraffin and then sectioned with a microtome (SASS 1958) . Because preliminary studies showed that most, if not all, of the bending occurs in the distal half of those primary rays on the periphery of the umbel ( fig. 1) , data from only distal halves of these rays are presented. We examined all sections through an Olympus research microscope (VANOX) equipped with bright-field, polarizing, and firstorder red plate optics. The polarizing and red plate optics were used to determine the net microfibril orientation (PRESTON 1974) .
In addition, we isolated individual cells from the adaxial and abaxial parts of the ray by macerating rays in an equal mixture of 10% chromic and 10% nitric acids for 2-4 h. The cells were then placed on a microscope slide covered with a thin layer of Tween-20, which reduced the adhesion of the cells to the slide. Special attention was given to the parenchyma cells that predominate in the abaxial half of the ray and the sclerified fibers that predominate in the adaxial half. After placing the cells under the microscope, we determined their net microfibril orientation and their direction of hygroscopic movement by blowing alternately moist (mouth open wide) and dry (mouth narrow) air on them.
Results
Sclerified fibers, whose long axis paralleled that of the ray, were always found in the vascular bundles of dead rays ( fig. 2 ) and rays with partially
Made available courtesy of University of Chicago Press: http://www.press.uchicago.edu/ ***Reprinted with permission. No further reproduction is authorized without written permission from the University of Chicago Press. This version of the document is not the version of record. Figures and/or pictures may be missing from this format of the document.*** 372 BOTANICAL GAZETTE developed fruits ( fig. 3 ). On the adaxial side, they were also abundant in interfascicular areas (figs. 2, 3). Under polarizing light, the walls of these cells appeared somewhat birefringent in cross section. In longitudinal section, they appeared very birefringent when oriented at a 450 angle to the polarizing filters (fig. 4 ). When these sections were additionally oriented at 900 to the red plate, the fibers appeared bright yellow ( fig. 4) , which indicated that the net direction of microfibrils in the fiber walls closely paralleled the long axis of the cell and, thus, the whole ray. The abaxial side of these same ray sections comprised mostly shorter but broader thick-walled parenchyma cells whose long axis also paralleled that of the ray (figs. 2, 3). The walls of these cells were highly birefringent in cross section but only in areas where the wall was 450 to both polarizing filters.
This would be expected if the predominant microfibril orientation was perpendicular or almost perpendicular to the long axis of the cell. In longitudinal section, the parenchyma cells appeared uniformly bright when oriented at 450 (fig. 4) . The red plate indicated that the predominant direction of the microfibrils in these cells was perpendicular to the long axis of the cell and to the whole ray. Thus, when viewed with yellow fibers, the parenchyma cells appeared blue (fig. 4) .
The differences in microfibril arrangement that we observed in both dead rays and living rays subtending developing fruits were not apparent in rays taken from umbels at anthesis. At this developmental stage the walls of both fibers and parenchyma cells were thinner ( fig. 5 ) and showed little birefringence in longitudinal section ( fig. 6 ). Most of the birefringence was found in the vascular tissue, e.g., the xylem. Our observations indicate, therefore, that additional cell wall is deposited throughout the ray after anthesis and that this additional material is associated with the appearance of the asymmetrical birefringence pattern of the ray as a whole.
Not all parenchyma cells undergo additional wall thickening after anthesis. During fruit development, the walls of parenchyma cells on the adaxial side remained thin and also appeared very irregular ( fig. 3 ). These same cells were absent from cross sections of dead rays ( fig. 2) . Thus, while many of the parenchyma cells on the abaxial side thicken during fruit development and provide structural support for dead rays, those on the adaxial side collapse. Isolated parenchyma cells from the abaxial half of dead rays always expanded in a direction parallel to the long axis of the cell ( fig. 7) and perpendicular to the net microfibril orientation when we blew moist air on them. Isolated fibers, on the other hand, showed no detectable longitudinal or lateral expansion ( fig. 8 ).
Discussion
Our observations indicate that expansion and contraction in thick-walled parenchyma cells occur in the direction predicted by ZIMMERMAN, i.e., perpendicular to the net microfibril orientation. Similar relationships have been observed in living cells of other plants (GREEN 1973; PALEVITZ and HEPLER 1976) , and evidence that this orientation actually controls the direction of cell expansion comes from PROBINE and PRESTON'S (1962) studies of Nitella.
The microfibrils associated with hygroscopic movement are deposited after initial cell growth. Typically, such microfibrils are helically oriented in the cell wall with the predominant pitch of the helices varying from steeply oblique, almost parallel to the long axis of a cell, to slightly oblique, almost perpendicular to the long axis (ESAU 1977) . If the microfibrils are deposited in layers (e.g., secondary wall layers), the pitch can vary among layers within a single--cell. Regardless of the number of layers, however, the net pitch, over all layers, can vary among cells. Our examinations have identified such variation between thick-walled parenchyma cells and sclerified fibers; the net pitch of the parenchyma cells is essentially perpendicular to the long axis of the cell, and that of the fibers essentially parallels the long axis.
The differential orientation of microfibrils in these two cell types and the asymmetrical distribution of these cells throughout a dead ray could produce the hygroscopic movement observed in Daucus carota. When the relative humidity rises, the parenchyma cells on the abaxial side of the ray elongate. The fibers on the adaxial side do not expand because of both their microfibril orientation and their wall signification. Therefore, since the adaxial half of the ray undergoes no counterbalancing elongation, the ray bends inward toward the center of the umbel. Given the amount of expansion that we observed in single parenchyma cells, it is easy to see how many cells acting in concert could produce great changes in the angle of opening of a whole umbel. Because this process is purely mechanical . Ski tZ t pictures taken through the polarizer, the polarizer was oriented in an N-S direction, the analyzer in an E-W direction, and when used, the red plate in a SW to NE direction. Fig. 5 , Cross section of a ray taken from an umbel at anthesis. Fig. 6 , Polarizing microscopic view of a longitudinal section of a ray taken from an umbel at anthesis. *8 = abaxial side, ADadaxial side, C =chlorenchyma, F = sclerified fibers, P = parenchyma, I/B = vascular bundle.
BOTANICAL GAZETTE
[SEPTEMBER and begins only after death of the tissue, it differs from other types of plant movement like tropisms that occur in living tissue (DAYANANDAN, FRANK-LIN, and KAUFMAN 1981) . It is similar, however, in that it reflects an asymmetry at the time of the response. Asymmetrical cell differentiation in rays begins before anthesis (RICOME 1898; FUNK 1913) . For example, chlorenchyma develops most, and many times only, on the adaxial side (figs. 3, 5). After anthesis, further differential deposition of wall material occurs in the rays. This delay in cell wall thickening may be a consequence of natural selection. If this deposition occurred before anthesis, the microfibrillar arrangement would prevent the expansion or opening of the umbel during anthesis while the cells are still alive, i.e., full of water. This expansion presumably facilitates pollination and is, therefore, necessary to ensure seed set.
The differential microfibrillar arrangement in the primary rays of D. carota ssp. carota and resultant hygroscopic movement influence the overall dispersal pattern in this subspecies (LACEY 1980) . They may also influence the dispersal pattern in other members of the D. carota complex, which comprises two aggregates, the gingidium and carota groups (SMALL 1978) . Although these groups are not clearly delineated, they seem to reflect an evolutionary divergence, the former to a maritime and the latter to an inland climate. SMALL (1978) reported that umbels in the carota group typically close during fruit development (i.e., form a bird's nest, as in ssp. carota), while those in gingidium group do not. This observation suggests that hygroscopic movement and its associated anatomical asymmetry may occur only in the carota group. Further, we can postulate that the maritime climate, to which gingidium members are exposed, may actually select against such movement; the continuously high relative humidity along coastlines should keep umbels that are sensitive to relative humidity perpetually closed, preventing seed dispersal. Seed dispersal is particularly important in maintaining and expanding extant populations of D. carota ssp. carota and in establishing new ones (LACEY 1982) . Its importance to other members of the carota group and to members of the gingidium group is currently ob-_ ,ii, ,,_ I 1~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ k,-a no~~~~~~~~~~~~~~~. . ... . FIGS. 7, 8.-Polarizing microscopic views. Fig. 7 , Thick-walled parenchyma cell (x 288) (A) when dry air was blown on it and (B) when moist air was blown on it. Fig. 8 , Sclerified fiber (x 72) (A) when dry air was blown on it and (B) when moist air was blown on it.
